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Abstract
The efficacy of antibody immunity against Streptococcus pneumoniae stems from the ability of
opsonic, serotype (ST)-specific antibodies to pneumococcal capsular polysaccharide (PPS) to
facilitate killing of the homologous ST by host phagocytes. However, PPS-specific antibodies
have been identified that are protective in mice, but do not promote opsonic killing in vitro, raising
the question of how they mediate protection in vivo. To probe this question, we investigated the
dependence of antibody efficacy against lethal systemic (intraperitoneal, i.p.) infection with
Streptococcus pneumoniae serotype 3 (ST3) on macrophages and neutrophils for the following
PPS3-specific monoclonal antibodies (MAbs) in survival experiments in mice using a non-opsonic
human IgM (A7), a non-opsonic mouse IgG1 (1E2) and an opsonic mouse IgG1 (5F6). The
survival of A7- and PPS3-specific and isotype control-MAb-treated neutrophil-depleted and
neutrophil-sufficient and macrophage-depleted and macrophage-sufficient mice were determined
after i.p. challenge with ST3 strains 6303 and WU2. Neutrophils were dispensable for A7 and the
mouse MAbs to mediate protection in this model, but macrophages were required for the efficacy
of A7 and optimal mouse MAb-mediated protection. For A7-treated mice, macrophage-depleted
mice had higher blood CFU, cytokines and peripheral neutrophil levels than macrophage-
sufficient mice, and macrophage-sufficient mice had lower tissue bacterial burdens than control
MAb-treated mice. These findings demonstrate that macrophages contribute to opsonic and non-
opsonic PPS3-specific MAb-mediated protection against ST3 infection by enhancing bacterial
clearance and suggest that neutrophils do not compensate for the absence of macrophages in the
model used in this study.
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Introduction
The ability of pneumococcal capsular polysaccharide (PPS) serotype (ST)-specific antibody
to prevent invasive pneumococcal disease has been linked to PPS-specific antibody-
mediated opsonic killing of pneumococcus by host phagocytes (opsonophagocytosis) [1;2].
A large body of work demonstrating that primary neutrophils and cell lines differentiated to
neutrophils promote opsonic killing of pneumococcus by PPS-specific antibody has led to
the use of opsonophagocytic antibody titers as surrogate markers of PPS vaccine
immunogenicity/efficacy [2–4]. Nonetheless, mouse and human PPS-specific MAbs have
been identified that are not opsonic in vitro, but are highly protective against lethal
pneumococcal challenge in mice [5–7].

Antibody-dependent opsonophagocytosis is a cooperative antibody function that requires
effector phagocytes. Neutrophils, the major effector cell type that is employed in
opsonophagocytosis assays with pneumococcus [3;4;8], were found to be required for
resistance to lethal intranasal pneumococcal infection in naïve mice in some models [9;10].
However, their importance in resistance to experimental pneumococcal infection appears to
differ in innate and acquired immune responses and as a function of serotype (ST) and
infection model [6;9;11;12]. For example, neutrophils increased the lethality of pulmonary
challenge with ST8 pneumococcus in naïve mice [11] and had no effect on survival in one
model of ST3 infection [12], but increased resistance to a ST3 strain in another model [9]. In
studies of antibody immunity in an intranasal challenge model with ST3, neutrophils were
required for two opsonic PPS3-specific IgG1s to mediate protection, but dispensable for the
efficacy of a non-opsonic IgG1 [6]. The role of neutrophils in IgM-mediated protection
against ST3 has not been evaluated previously.

Macrophages are also important effector phagocytes. Their role in host defense against
pneumococcus has been predominantly studied in intranasal and colonization models in
naïve mice [13;14]. Macrophages were required for resistance to the lethality of intranasal
challenge with ST3, with their benefit stemming from modulation of the inflammatory
response and clearance of apoptotic neutrophils, rather than bacterial clearance [14]. On the
other hand, macrophages were required for clearance of primary pneumococcal infection of
the nasopharynx with ST23F, whereas neutrophils were required for clearance in previously
infected mice [13]. For Cryptococcus neoformans, a beneficial role for macrophages
depended on the animal model, whereby pulmonary macrophages were essential for
resistance to lethal infection in rats, but detrimental and disease-enhancing in mice [15].
Similar to mice with C. neoformans, depletion of alveolar macrophages enhanced resistance
to murine M. tuberculosis [16]. In contrast, depletion of macrophages decreased survival in
mice challenged with Bacillus anthracis, whereas increasing the number of macrophages
conferred protection [17]. In contrast to these studies in pulmonary infection models, data on
the effect of macrophages on systemic infection is limited. Macrophages were required for
protection against Enterococcus faecium peritonitis in an intraperitoneal infection model
[18]. However, to our knowledge, the requirement for macrophages in antibody-mediated
protection against systemic infection in mice and/or dissemination has not been investigated.
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Previous studies have shown that a human IgM MAb (A7) to the capsular polysaccharide of
ST3 (PPS3) does not induce phagocytic killing in vitro, although it is protective in mice
against lethal intraperitoneal challenge [7;19]. In this model, A7-mediated protection
required C3 [7], was a function of C3 deposition on the ST3 surface [20], and was
associated with bacterial clearance and a reduction in blood and tissue IL-6 and KC levels
[19]. In addition, A7-mediated protection did not require B cells, CD4 cells or CD8 T cells
[19]. Hence, we wondered whether phagocytes are required for A7-mediated protection in
mice. In this study, we determined the requirement for neutrophils and macrophages in A7-
mediated protection against intraperitoneal challenge with two strains of ST3 that have been
studied extensively in mouse models of pneumococcal disease, WU2 and 6303 [6;7;21–25].
Our results show that neutrophils were dispensable, but macrophages were essential for A7
to mediate protection against lethal challenge.

Materials and Methods
Bacteria

S. pneumoniae ST3 strain 6303 (American Type Culture Collection, Manassas, VA) and
strain WU2 (provided by Susan Hollingshead, University of Alabama at Birmingham,
Birmingham, AL) were used. Strains 6303 and WU2 have been used extensively in mouse
models of pneumococcal disease [6;7;21–25]. WU2 was used in landmark studies that
established the efficacy of MAbs against pneumococcus [21;26] and 6303 has been used in
studies of antimicrobial agents and complement against pneumococcus [24;25]. The ST3
strains were grown in tryptic soy broth (TSB; Difco Laboratories, Sparks, MD) to mid-log
phase in 5% CO2 at 37°C, frozen in TSB in 10% glycerol, and stored at −80°C until it was
used as described previously [5–7;19]. Prior to use, pneumococci were rapidly thawed,
placed on ice, and diluted in TSB to the desired amount. To confirm the amount of ST3
administered, diluted pneumococci were plated onto a Trypticase agar plate containing 5%
sheep's blood (Becton Dickinson, Franklin Lakes, NJ), incubated overnight at 5% CO2 at
37°C and counted the following day.

Monoclonal antibodies
A7 [IgM(κ)] is a human PPS3-specific MAb, derived from XenoMouse™ mice, that
protects mice from death after intraperitoneal (i.p.) challenge with ST3 [7;19]. A7 was
purified by affinity chromatography using anti-human IgM-coated beads (Sigma-Aldrich, St.
Louis, MO). A human myeloma IgM (Calbiochem, San Diego, CA) was used as a negative
control. MAbs 1E2 and 5F6 [(IgG1(κ)] are previously described mouse IgG1s [6]. 1E2 is
non-opsonic and 5F6 is opsonic in vitro, whereas both MAbs protect against intranasal (i.n.)
ST3 (WU2) infection in mice [6]. 31B12 is an [IgG1(κ)] to PPS8 (GenBank accession
numbers for VH and VL are FJ972829 and FJ972830) that was used as an isotype control for
the mouse MAbs.

Mice
Male wild-type C57BL/6 (6–8 weeks old) mice were obtained from Jackson Laboratory
(Bar Harbor, ME). TLR2−/− mice on the C57Bl/6 background [27] were obtained from
Shizuo Akira (Osaka University, Japan). Mice were maintained by the Institute for Animal
Studies at the Albert Einstein College of Medicine (AECOM), Bronx, NY, in accordance
with the rules and regulations of animal welfare at the Albert Einstein College of Medicine.
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Pneumococcal challenge in phagocyte-depleted PPS3-specific MAb-treated and control
mice

Challenge strains—Intraperitoneal (i.p.) challenge experiments were done with both ST3
strains, WU2 and 6303 to ensure that our results were not strain-specific. Given that 6303 is
more virulent than WU2 [6;7;19;28], a higher inoculum of WU2 was used. In most
experiments, 30 CFU of 6303 and 50 CFU of WU2 were used, because these inocula led to a
similarly lethal phenotype at approximately the same time after infection.

Macrophage depletion—To deplete peritoneal macrophages, mice were injected with
100µl of clodronate liposomes, intraperitoneally (i.p.), for three consecutive days as
described [29]. Cl2MDP (or clodronate) was a gift of Roche Diagnostics (GmbH,
Mannheim, Germany) and encapsulated in liposomes as previously described [30]. PBS-
encapsulated liposomes, which do not deplete macrophages, were used as a control for the
liposomes. Macrophage depletion was verified by microscopy in blood smears stained with
Turk’s solution and by FACS analysis of peritoneal lavage fluid in naïve mice 18 hr post-
depletion.

Neutrophil depletion—To deplete neutrophils, mice were injected with 25µg/100µl i.p.
with rat MAb RB6-8C5 (RB6) as described [11;31]. RB6 (provided by Dr. Marta
Feldmesser, Albert Einstein College of Medicine) was purified from ascites. Rat IgG (rIgG,
Sigma-Aldrich, St. Louis, MO) was used as an isotype control.

MAb administration and pneumococcal challenge—After the cellular depletions,
24 hrs for macrophage depletion and 18 hrs for neutrophil depletion, mice were injected i.p.
with 10µg of (a treatment or control) MAb one hr prior to i.p. challenge with the ST3 (6303
- A7 and human IgM control; and WU2 – A7, 1E2, 5F6 and mouse IgG1 controls). As a
control for pneumococcal killing in the 6303 model, 10mg/kg penicillin (PCN) was
administered subcutaneously (s.c.) in the neck region one hr prior to i.p. administration,
followed by two more injections six and 12 hrs after the first, as previously described [19].

Survival of MAb-treated and control TLR2−/− mice
The survival of A7-treated TLR2−/− mice was determined using the same MAb-
administration and i.p. infection protocol described above, without cellular depletion.

Determination of bacterial burden in A7-treated and control mice
To gain further insight into the mechanism of efficacy of the human MAb A7, the bacterial
burden in blood and tissues was determined. In experiments separate from the survival
studies, clodronate liposomes, PBS liposomes or PBS alone were administered to groups of
mice prior to MAb administration and infection as described above. Then, mice were bled
from the retro-orbital sinus 18 hr post-infection and killed by cervical dislocation. For CFU
determinations in the peritoneal cavity, mice were killed by cervical dislocation, the
peritoneal cavity was injected with ~5–8ml Veronal buffered saline (Fisher Scientific,
Pittsburgh, PA) and the wash was withdrawn. Peritoneal washes were then centrifuged and
resuspended in 1ml of Veronal buffer. Blood and peritoneal washes were serially diluted in
TSB or Veronal buffer, plated onto TSB plates with 5% sheep’s blood (Becton Dickinson),
incubated for 24 hr at 5% CO2 at 37°C and counted the following day.

In separate experiments, in separate groups of mice, blood, lung, liver and peritoneal cavity
CFU were determined in tissues from macrophage-sufficient mice 18hr after MAb
administration and infection as described above. Tissues were collected and prepared as
previously described [19].
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Determination of tissue cytokine concentrations in A7-treated and control mice
Serum, splenic and liver keratinocyte-derived chemokine (KC) and interleukin (IL)-6 levels
were determined by ELISA 18 hr after infection, as previously described [19]. These
mediators were measured because they had been previously found to be modulated in blood
and spleen in the setting of A7-mediated protection [19], and because they are produced by
macrophages as well as neutrophils and other cell types in the setting of systemic
inflammation [18]. Blood and tissues samples for the ELISA were obtained from separate
groups of mice that received liposomes and were infected with ST3, bled from the retro-
orbital sinus and killed by cervical dislocation, after which the spleens were aseptically
removed as described [19]. Blood was allowed to clot on ice for one hour after which sera
were separated by centrifugation for 30 min at 3000 × g at 4°C and stored at −20°C until
use. Spleens were homogenized in 1 ml of Hanks’ balanced salt solution (Mediatech,
Herndon, VA) and centrifuged for 30 min at 2000 × g at 4°C. Supernatants were collected
and stored at −20°C until use in the ELISAs. Care was exercised to avoid endotoxin
contamination by using autoclaved materials and thoroughly rinsing instruments with 70%
ethanol between each dissection. ELISA kits (R&D Systems, Minneapolis, MN) were used
according to the manufacturer’s protocol as described [19]. In separate experiments in
macrophage sufficient mice, liver IL-6 and KC were determined 18 hrs after infection.

White blood cell counts in A7-treated and control mice
Whole blood was diluted 1:20 in Turk’s solution (1% glacial acetic acid and 0.01% gentian
violet in distilled H2O) as described in [19;31]. Cells were then counted in a hemocytometer
to determine the total white blood cell count. For the differential count, whole blood was
diluted in 10% EDTA and smeared onto a slide as described [19]. Cells were stained with a
Hema 3 stain set (Fisher Scientific, Pittsburgh, PA). Monocytes, lymphocytes, and
neutrophils were scored by light microscopy, based on morphology, for a total count of 100
cells as described in [19;31].

Statistical Analysis
The number of CFUs in blood and peritoneal washes, cytokine levels and white blood cell
counts were compared with the unpaired t test or Mann-Whitney if a test of normality was
not passed. Grubbs’ test was used to detect outliers. Mouse survival data were analyzed with
the Kaplan-Meier log rank survival test. All statistical analyses were performed using Prism
(v.4.02 for Windows; GraphPad Software, San Diego, CA). A P value of <0.05 was used for
statistical significance.

Results
Pneumococcal challenge experiments

Macrophage-depleted mice—The survival of A7-treated macrophage-sufficient mice
was significantly prolonged compared to A7-treated macrophage-depleted mice after
challenge with both ST3 strains Figure 1 (6303, P=0.001, Figure 1A; WU2, P=; 0.014,
Figure 1B, Kaplan-Meier log rank survival test). The survival of A7-treated macrophage-
depleted mice was not significantly different than that of macrophage-depleted and
macrophage-sufficient controls; and the survival of PBS- and control IgM-treated mice was
not significantly different in macrophage-sufficient and macrophage-depleted mice (Figure
1A and 1B). PCN prolonged survival compared to PBS- and IgM-treated controls in
macrophage-sufficient and macrophage-deficient mice (Figure 1A). PBS-encapsulated
liposomes, which were used as a control for the liposomes in which the macrophage-
depleting compound, chlodronate, was encapsulated, did not affect A7-mediated protection
or the lethality of ST3 (Supplementary Fig. S1). The survival of macrophage-sufficient mice

Fabrizio et al. Page 5

Vaccine. Author manuscript; available in PMC 2011 November 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that were treated with the PPS3-specific mouse MAbs 5F6 and 1E2 and challenged with
WU2 was significantly prolonged compared to macrophage-depleted mice (Figure 2,
P<0.0001; macrophage-depleted v macrophage-sufficient mice, for each MAb; Kaplan-
Meier log rank survival test); however, the survival of 1E2 macrophage-depleted mice was
prolonged compared to PBS control mice (Figure 2, 1E2+WU2+lip v PBS+WU2+lip,
P=0.049; 1E2+WU2+lip v PBS+WU2, P=0.043) and that of 5F6-treated macrophage-
depleted mice was prolonged compared to PBS control and isotype control-treated
macrophage-depleted mice (Figure 2, 5F6+WU2+lip v PBS+WU2+lip, P=0.003;
5F6+WU2+lip v PBS+WU2, P=0.002; 5F6+WU2+lip v 31B12+WU2+lip, P=0.007).

Neutrophil depletion survival study—The survival of A7-treated mice after infection
with 30 CFU 6303 was significantly prolonged compared to PBS-, RB6- and rIgG-treated
mice (Figure 4A, A7 v PBS, P=0.003; A7-rIgG-treated v PBS-rIgG-treated, P= 0.014; A7-
RB6-treated v PBS-RB6-treated, P= 0.003; Kaplan-Meier log rank survival test).The
survival of 1E2- and 5F6-RB6-treated mice and rIgG-treated mice after infection with 100
CFU WU2 was identical, 100% (Figure 4B, P=1.00) and significantly greater than that of
rIgG- and RB6-treated mice (Figure 4B, 1E2-rIgG v PBS-rIgG, P=0.002; 1E2-RB6 v PBS-
RB6, P=0.002; 5F6-rIgG v PBS-rIgG, P=0.002; 5F6-RB6 v PBS-RB6, P=0.002; Kaplan-
Meier log rank survival test).

TLR deficient mice—A7 significantly prolonged survival in TLR2−/− mice and there was
no significant difference in the survival of A7-treated Wt and TLR2−/− mice (Figure 3A and
3B).

Bacterial burden—To delve further into the mechanism of protection of the human IgM
MAb A7, CFU were determined in organ tissues from macrophage-depleted and
macrophage-sufficient mice 18 hrs after infection. Given that a newly described complement
receptor on Kupffer cells in the liver has been shown to mediate intravascular clearance of
other bacteria [32], we determined liver CFU in addition to blood, lung, and peritoneal
cavity CFU. Liver, lung, blood and peritoneal CFU were significantly higher in control IgM
than A7-treated macrophage sufficient mice (Figure 5A, liver- A7 v control IgM, P=0.001;
lung- A7 v control IgM, P<0.0001; blood- A7 v control IgM, P=0.0003; peritoneal cavity-
A7 v control IgM, P<0.0001). For A7-treated mice, blood CFU were significantly lower
than peritoneal cavity, lung and liver CFU among macrophage-sufficient mice (Figure 5A,
blood CFU v peritoneal cavity CFU, P=0.004; blood CFU v lung CFU, P=0.03; blood CFU
v liver CFU, P=0.002), whereas for control IgM-treated mice, blood, peritoneal cavity, lung
and liver CFU were comparable. For A7-treated mice, macrophage-sufficient mice had
significantly fewer blood (Figure 5B) and peritoneal cavity (Figure 5C) CFU than PBS- and
control IgM-treated mice (blood - A7 v PBS, P=0.004; A7 v control IgM, P=0.003;
peritoneal cavity - A7 v PBS, P=0.01; A7 v control IgM, P=0.02) and significantly fewer
blood and peritoneal CFU than macrophage-depleted mice (blood - P=0.04; peritoneal
cavity - P=0.02); however, A7-treated macrophage-depleted mice had significantly fewer
blood CFU than PBS- and control IgM-treated macrophage depleted mice (blood - A7 v
PBS, P=0.02; peritoneal cavity - A7 v control IgM, P=0.04). Hence, A7 treatment was
associated with a reduction in CFU compared to controls (PBS and control IgM),
irrespective of macrophage status, but the reduction in CFU was larger among macrophage-
sufficient mice. No differences were observed in blood or peritoneal cavity CFU in PBS- or
control IgM-treated mice, regardless of macrophage depletion.

Serum and splenic cytokine concentrations—IL-6 and KC were previously shown
to be significantly higher in sera and spleens from control and PCN-treated than A7-treated
mice [19]. In this study, IL-6 and KC levels were determined in livers from A7-, control
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IgM- and PBS-treated macrophage-sufficient and in sera and spleens from A7-, control IgM-
and PBS-treated macrophage-sufficient and macrophage-depleted mice 18 hr post-infection.
Liver IL-6 and KC levels were significantly higher in IgM-treated than A7-treated
macrophage-sufficient and PBS-treated, macrophage-sufficient mice (Figure 6A, control
IgM v A7, P<0.0001; control IgM v PBS, P=0.004; Figure 6B, control IgM vs A7,
P=0.0005; control IgM v PBS, P=0.007). Serum KC was higher among A7-treated
macrophage-depleted than macrophage-sufficient mice (Figure 7A, P=0.01), but a similar
trend for IL-6 did not reach statistical significance (Figure 7C, P=0.67). Spleen and serum
IL-6 were significantly lower among macrophage-depleted A7-treated than PBS and control
IgM-treated mice and serum KC was lower among macrophage-depleted A7-treated than
control IgM-treated mice (Figure 7A, A7 v PBS, P=0.04; A7 v control IgM, P=0.006; Figure
7B, A7 v PBS, P=0.02; A7 v control IgM, P=0.01; Figure 7C, P=0.006). As in Fabrizio et al
(13), A7-treated macrophage-sufficient mice had significantly lower levels of serum and
spleen IL-6 and KC than PBS- and control IgM-treated mice.

Peripheral leukocyte count—Total and differential white blood counts were determined
18 hr post-infection (Figure 8). A7-treated mice had significantly higher levels of total
leukocytes and lymphocytes than PBS- and control IgM-treated mice, regardless of
macrophage depletion (Figure 8A and 8B, P <0.05). Macrophage-depleted A7-treated mice
had significantly higher neutrophil counts than PBS-, control IgM- and naïve macrophage-
depleted and A7-treated macrophage-sufficient mice (Figure 8C, A7 vs PBS, P=0.02; A7 vs
control IgM, P=0.01; A7 vs naïve, P=0.03; A7 vs A7-treated macrophage-sufficient mice,
P=0.02) and higher monocyte counts than control IgM-treated mice (Figure 8D, P=0.02).
Hence, A7 treatment was associated with higher levels of lymphocytes in macrophage-
sufficient and macrophage-depleted mice, and macrophage depletion was associated with
higher levels of neutrophils and monocytes in A7-treated mice.

Discussion
The experiments reported herein were undertaken to investigate whether the mechanism by
which a non-opsonic human IgM (A7) mediates protection against systemic pneumococcal
disease in mice depends on host phagocytes. To exclude the possibility that a species and/or
isotype difference could have confounded our findings, we also investigated the phagocyte
dependence of the efficacy of an opsonic (5F6) and a non-opsonic (1E2) mouse IgG1 PPS3-
specific MAb. We performed these studies in an i.p. model of systemic pneumococcal
disease, because bacteremia and sepsis are major causes of morbidity and mortality in
human pneumococcal disease, and death in mouse models is generally attributable to
bacteremia and sepsis, irrespective of the route of infection [5;6;11;33–35]. Macrophage
depletion did not increase the virulence of ST3 in this model. Hence, we were able to assess
the dependence of MAb-mediated protection on macrophages and neutrophils without an
independent effect of macrophages on virulence.

Our data show that macrophage depletion abrogated the efficacy of the human IgM MAb A7
against systemic (i.p.) infection with ST3-6303 and ST3-WU2 and significantly reduced the
efficacy of the mouse IgG1 MAbs 1E2 and 5F6 against ST3-WU2 in the same infection
model. Hence, macrophages enhanced antibody-mediated protection in vivo irrespective of
the antibody species (mouse or human), isotype (IgM or IgG) or opsonic activity in vitro. In
contrast, neutrophils were dispensable for A7- and mouse MAb-mediated protection.
Neutrophils were previously shown to be required for the efficacy of the opsonic (5F6), but
not the non-opsonic (1E2) IgG1 MAb, against i.n. challenge with ST3 [6]. Neutrophils were
required for clearance of Enterococcus faecium from the peritoneal cavity in naïve mice
[36], with their role linked to macrophage recruitment, which was indispensable for bacterial
clearance [18]. However, neutrophils were not required for early clearance of ST23F in a
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mouse nasopharyngeal colonization model in which macrophages mediated early bacterial
clearance [37]. Our data show that macrophage depletion was associated with a marked
reduction in A7-mediated bacterial clearance from blood and peritoneal cavity. Macrophage
depletion resulted in a lethal increase in inflammation in the lungs in a ST3 i.n. infection
model without affecting bacterial clearance [14], but it reduced clearance of ST23F in a
colonization model [13] and E. faecium in an i.p. infection model [18]. Macrophage-
mediated clearance, responsiveness to pneumococcus and immunodulation were TLR2-
dependent in the foregoing models [13;38;39]. Given that TLR2 was dispensable for A7 to
mediate protection in our model, it must interact with a different macrophage pattern
recognition molecule or receptor. Fc receptors were previously shown to be required for the
mouse IgG1s to mediate protection against i.n. challenge with WU2 [6]. Although an Fcα/μ
receptor that binds mouse IgM has been identified, its role in host defense has not been
established [40–42].

PPS3-specific IgG was shown to promote immune transfer of ST3 from human red blood
cells (RBC) to macrophages in vitro [22]. This RBC CR1-dependent mechanism might
contribute to pneumococcal clearance in humans, but would be unlikely in mice, because
mice lack RBC CR1 [43;44]. Classical papers describe hepatic sequestration as a hallmark
of complement-dependent intravascular clearance of pneumococci, which was enhanced by
immunization [45;46]. Given that A7-mediated protection requires macrophages (this study)
and C3 [7] and correlates with the amount of A7-dependent C3 deposition on the ST3
capsule [28], C3-opsonized ST3 could bind macrophage complement receptors. An
interesting such receptor is CrIg, a relatively newly described C3-binding receptor that is
highly and preferentially expressed by resident tissue macrophages, including Kupffer cells
in the liver [32;47;48]. CrIg was found to mediate intravascular clearance of Listeria
monocytogenes and Staphylococcus aureus, a hallmark of which was a higher liver to blood
CFU ratio [32]. Similarly, our data show that A7-treated macrophage-sufficient mice had a
markedly higher ratio of liver to blood CFU than control IgM-treated mice, suggesting that
A7 might promote intravascular clearance of ST3 in the liver by Kupffer cells, and/or in the
peritoneum by resident peritoneal macrophages. Studies to address this hypothesis are under
investigation in our laboratory but were beyond the scope of this study.

Our data show that serum and splenic levels of IL-6 and KC were higher in A7-treated
macrophage-depleted than macrophage-sufficient mice, but lower than in control IgM- and
PBS-treated controls. The latter is consistent with previous work which established that,
compared to IgM and PBS controls, A7 treatment was associated with lower levels of IL-6
and KC [19]. Similar to an i.p. model of E. faecium infection in macrophage-depleted mice
[18], we found that IL-6 and KC levels were increased and paralleled CFU in macrophage-
depleted mice. Compared to macrophage-sufficient mice, A7-treated macrophage-depleted
mice exhibited significantly increased levels of KC, a neutrophil chemoattractant, and
peripheral neutrophils. Although the increase in lymphocytes in A7-treated macrophage-
sufficient mice could reflect immunomodulation (see [14;19]), the increase in neutrophils,
lymphocytes and monocytes in A7-treated, macrophage-depleted mice could reflect the
cellular response to inflammation that has been reported in macrophage-depleted mice
[18;29]. However, given that A7 did not protect macrophage-depleted mice despite
increased neutrophil recruitment, our data suggest that neutrophils cannot substitute for
macrophages in A7-mediated protection, and neutrophils and macrophages do not play
functionally redundant roles in antibody immunity in our model.

The data reported herein show that under the conditions used in this study, the PPS3-specific
mouse IgGs prolonged survival compared to a control MAb in macrophage-depleted mice,
although their efficacy was significantly less than that observed in macrophage-sufficient
mice. Given that peritoneal inflammation has been shown to induce macrophage recruitment
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in macrophage-depleted mice [29], this could reflect the activity of newly recruited
macrophages in macrophage-depleted mice. Although newly recruited macrophages were
impaired in their ability to induce clearance of E. faecium in macrophage-depleted mice
[18], Fc receptor binding of specific IgG might enhance/induce macrophage activation.
Alternatively, PPS3-specific IgGs could mediate protection via effector cells other than
neutrophils and macrophages. Further work is required to determine the precise mechanism
by which A7 and the mouse MAbs mediate protection. Nonetheless, our data establish that
macrophages facilitate A7-mediated MAb-mediated bacterial clearance and possibly,
immunomodulation, as evidenced by the relative decrease in tissue and blood cytokines in
A7-treated mice. These findings suggest that antibody therapy could hold promise for
diminishing the inflammatory response to pneumococcal infection, which is a major cause
of morbidity and mortality, and that its effect/s could depend on resident macrophages.
Interestingly, CRIg has immunomodulatory functions [49–51], supporting the idea that if
PPS3-specific antibodies mediate protection via this receptor, they could also function as
immunomodulators.
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Figure 1. Survival after i.p. infection with (A) 30 CFU ST3 (6303) and (B) 50 CFU ST3 (WU2),
comparing macrophage-depleted and macrophage-sufficient mice
The percent of PBS-, isotype control IgM-, PCN- and A7-treated mice surviving after i.p.
infection at the times designated on the x-axis is depicted. Open symbols represent
macrophage-sufficient mice; closed symbols represent macrophage-depleted mice. *p<0.05
between groups for the designated treatments; Kaplan-Meier log rank survival test. N=6
mice per group.
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Figure 2. Survival after i.p. infection with 50 CFU ST3 (WU2), comparing macrophage-depleted
and macrophage-sufficient mice
The percent of PBS, 31B12-, 5F6- and 1E2-treated mice surviving after i.p. infection at the
times designated on the x-axis is depicted. Open symbols represent macrophage-sufficient
mice; closed symbols represent macrophage-depleted mice. *p<0.05 between groups for the
designated treatments; Kaplan-Meier log rank survival test. N=6–22 mice per group.
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Figure 3. Survival after i.p. infection with 30 CFU ST3 (6303) in (A) wild-type mice and (B)
TLR2−/− mice
The percent survival of PBS-, control IgM-, and A7-treated mice surviving after i.p.
infection at the times designated on the x-axis is depicted. *P<0.05 for comparison to A7
treated groups; Kaplan-Meier log rank survival test. N=7–8 mice per group.
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Figure 4. Survival after i.p. infection with (A) 30 CFU ST3 (6303) and (B) 100 CFU ST3 (WU2),
comparing neutrophil- depleted and neutrophil-sufficient mice
The percent of PBS-, A7, 5F6 and 1E2-treated mice surviving after i.p. infection at the times
designated on the x-axis is depicted. Closed symbols represent rIgG-treated mice; open
symbols represent RB6-treated mice. *p<0.05 between groups for the designated treatments;
Kaplan-Meier log rank survival test. N=5 mice per group.
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Figure 5. Bacterial burden after i.p. infection with 30 CFU ST3 (6303)
CFU in the peritoneal cavity, blood, liver and lung in macrophage-sufficient mice (A) and
blood (B) and peritoneal cavity (C) in macrophage-depleted mice 18 hr after i.p. infection.
Black bars represent macrophage-sufficient mice; gray bars represent macrophage-depleted
mice (B and C). Each bar represents the mean + SEM (A) or median (B and C) of the
designated group. * p<0.05 comparing A7 treatment groups; # p< 0.05 comparing A7
treatment groups to PBS and control IgM treatment groups; unpaired t test (A), Mann-
Whitney U test (B and C). N=5–15 mice per group. The lowest limit of detection for this
assay is 20 CFU.
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Figure 6. Liver IL-6 (A) and KC (B) concentrations 18 hours after infection with 30 CFU ST3
(6303)
Levels of liver IL-6 and KC are shown on the y-axis for uninfected, control IgM- and A7-
treated mice. * p<0.05 comparing A7 to PBS treatment groups; # P<0.001 comparing A7 to
IgM treatment group, Mann-Whitney U test. N=4–10 mice per group.
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Figure 7. Serum and spleen KC and IL-6 concentrations 18 hr after infection with 30 CFU ST3
(6303)
Black bars represent macrophage-sufficient mice; gray bars represent macrophage-depleted
mice. Each bar represents the median of the designated group. * p<0.05 comparing A7
treatment groups; # p< 0.05 comparing A7 treatment groups to PBS and control IgM
treatment groups, Mann-Whitney U test. N=4–7 mice per group. The lowest limit of
detection for both KC and IL-6 is 7.8 pg/ml.
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Figure 8. Total white blood cell count and differential after i.p. infection with 30 CFU ST3 (6303)
Total leukocytes (A), lymphocytes (B), neutrophils (C) and monocytes (D) enumerated 18
hr after i.p infection. Each bar represents the median of the designated group. * p<0.05
between groups for the designated treatments, Mann Whitney U test. N=4–9 mice per group.
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